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NOMENCLATURE 
Al = naphthalene surface area, m2 
C = orifice plate discharge coefficient 
da = actual distance traversed by dye streak: 
d i = distance traversed by dye streak: for 11=1 
Dh = hydraulic diameter, m 
Dna = mass diffusivity of naphthalene in air, m2/s 
F h = fin height, m 
Fp = fin pitch, m 
Fp* = dimensionless fin pitch, FplLp 
hm = mass transfer coefficient, mls 
k = thermal conductivity of air, W/m·K 
Lp = louver pitch, m 
Lg = louver gap, m 
M = mass of naphthalene, kg 
m = mass flow rate, kg/s 
Nu = Nusselt number for a single louver, hLplk 
-
NULp = Fin averaged Nusselt number, h Lplk 
Pr = Prandtl number, via 
Re = Reynolds number, vLp/v 
Sc = Schmidt number, vlDna 
Sh = Sherwood number for a single louver, hmLlDna 
St = Stanton number, NU/(Re Pr) 
Xl 
t = fin thickness, m 
t* = dimensionless fin thickness, t/Lp 
T = temperature, K or °C 
U = velocity, mls 
W = uncertainty 
Greek Symbols 
~ = orfice plate diameter ratio 
II = change in a quantity 
8 = orifice plate expansion coefficient 
y = mean flow angle, degrees 
11 = flow efficiency 
v = kinematic viscosity, m2/s 
e = louver angle, degrees 
Pa = air density, kg/m3 
Pn, s = density of solid naphthalene, kg/m3 
Pn, v = vapor density of saturated naphthalene, kg/m3 
Pn, 00 = vapor density of naphthalene in the freestream, kg/m3 
1" = time, s 
XlI 
CHAPTER 1 - INTRODUCTION 
1.1 Background 
Louvered fins have been used in the construction of compact heat exchangers for 
several decades. The geometry has been used widely in automotive applications because 
it can provide a high heat duty from a small heat exchanger volume. The performance of 
the interrupted surfaces found in this geometry differs from that of plate fin designs due 
to boundary-layer restarting. This restarting of boundary layers reduces the air-side 
thermal resistance of the heat exchanger. 
Continuing efforts to improve performance-to-cost efficiency in residential air 
conditioning has prompted this investigation of louvered-fin performance at low 
Reynolds numbers. The use of louvered fins in place of plate fins would allow for less 
material to be used in residential heat exchangers. Most of the research on louvered fins 
has been directed toward operating regimes common to automotive applications. There 
are limited data on the performance of louvered fins at low Reynolds numbers. 
The scope of this work will focus on developing a better understanding of how the 
flow in louvered fins behaves at Reynolds numbers below 600. The parameter space 
involved is large. A schematic of the typical louvered-fin geometry is shown in Figure 
1.1. A thorough examination of the literature has led to unexplored portions of the 
parameter space in the low-Reynolds-number regime. A gap was discovered in the 
research of fins containing fewer than 13 louvers. As a result, the current study has 
concentrated on revealing the effects of fin pitch, louver angle, and louver pitch on the 
heat transfer performance of louvered fins with nine louvers. 
1 
1.2 Literature Review 
Heat transfer enhancement through the use of louvered fins has been investigated for 
many years. Numerous studies of this geometry have provided important information 
including pressure, velocity, and temperature distributions within the flow. The effects of 
vortices and other flow phenomena have also been examined. Louvered-fin studies have 
either consisted of laboratory experiments or numerical simulations. Experimental data 
have been gathered using flow visualization, mass transfer, elemental heating, laser-
Doppler velocimetry, and full-scale testing. Numerical approaches have taken advantage 
of digital computers to solve the governing equations in the array using various finite 
element or volume schemes. In recent studies, numerical results have been compared 
directly to laboratory data. 
1.2.1 Flow 
Early research on louvered fins was reported by Beauvais (1965). He performed flow 
visualization on 10:1 scale models in a wind tunnel using streamline smoke traces. His 
work did not provide quantitative information, and he did not clearly describe the test 
geometry. However, the experiments were able to show that louvers in the heat 
exchanger served to direct the flow rather than act as flow disruptors. 
Another early study oflouvered-fin geometry was that of Davenport (1980). He also 
performed flow visualization on 10: 1 scale models using smoke traces. His work 
supported the conclusions of Beauvais and showed that the louvers directed the air. 
Davenport noted that the degree of alignment of the flow to the louvers was a function of 
the Reynolds number. This degree of alignment later became known as flow efficiency. 
Davenport observed that at higher Reynolds numbers, the flow followed the louvers, but 
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at low Reynolds numbers the flow mainly passed through the duct between fins (Figure 
1.2). 
Flow visualization studies were also carried out by Kajino and Hiramatsu (1985). 
Their flow visualization experiments were performed in open water channels on 10: 1 
scale models using dye injection and hydrogen bubbles. The dye injection technique was 
used to show single streamlines through the array and highlight the occurrence of 
vortices, recirculation, flow separation, and unsteadiness. The hydrogen bubble procedure 
used a metal electrode positioned upstream of the array to generate small bubbles. These 
bubbles were small in size and could be used to visualize velocity profiles with negligible 
buoyancy effect. The researchers observed that the flow alignment with the louvers 
increased as the distance between fins decreased. 
Webb and Trauger (1991) performed dye injection on 10:1 scale models at ReLp 
ranging from 400<ReLp<4000. They tested a number of geometries where the louver 
angle, 8, ranged from 20°<8<30°, louver pitch equaled 15 mm, fin thickness was 0.635 
mm, and the fin pitch spanned 11 mm to 30 mm. From the results of these observations, 
they constructed the following correlation for flow efficiency (see Fig. 1.2): 
-0 95 (F *)-0.23 llWebb- . p * for Re > Re Lp [1.1] 
* for Re < Re Lp [1.2] 
where Re * Lp was a critical Reynolds number above which the flow efficiency was 
independent of Reynolds number. Webb and Trauger predicted this value with the 
following equation: 
Re * LP=828(8/90r°.34 [1.3] 
Their definition of flow efficiency consisted of the ratio of spanwise distance traveled by 
the dye stream to the ideal distance had the flow perfectly followed the louvers. 
3 
dt 
7JWebb = d. 
I 
[1.4] 
The observations and resulting correlation suggested increasing flow efficiency with 
increasing Reynolds number and decreasing fin pitch. This work reinforced the 
observations made by Kajino and Hiramatsu (1985). 
Some of the most recent studies using flow visualization of louvered fins include the 
work of Beamer et al. (1998) and Dejong (1999). Beamer et at. (1998) ran preliminary 
flow visualization experiments using six fins in an open water channel. From these early 
tests, they observed reduced flow efficiency near the test section walls. Beamer et at. 
concluded that more fins were necessary to accurately represent a full-scale heat 
exchanger. In order to decide on the number of fins, they used computational fluid 
dynamics (CFD) results to simulate the test array with appropriate boundary conditions at 
the walls. They selected 12 fins as a physical upper limit for their test section and 
manufacturing capabilities. In their dye-stream visualization studies of the twelve-fin 
geometry, they carried out flow efficiency tests over Reynolds numbers ranging from 
50<ReLp<600. They found increased flow efficiency for the twelve-fin array in contrast to 
the six-fin array. In addition, they divided their array into sets of three and six fins by 
placing walls between fins and observed duct-directed flow for the three-fin sections with 
increasing flow efficiency at six fins. 
Dejong (1999) elaborated on the wall-effect problem and presented a formula for 
computing the number of fins necessary, Nfin, for spanwise periodicity at the center of a 
louvered-fin array. Her formula accounted for e and Fp *. 
[1.5] 
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where Nwall = 6 8 < 30° and Fp* > 0.9 
Nwall = 8 
Nwall = 9 
and NJ is the number of louvers between the inlet and turnaround louvers. Dejong 
suggests the use of Equation [1. 5] except for cases with a high NJ (NJ> 10) combined with 
either large louver angle (8 >35°) or small Fp * (Fp * < 0.8) for which she suggests 
N > N 1tan8 
fin - F* 
p 
[1.6] 
Dejong (1999) also used flow visualization to investigate vortex shedding in 
louvered-fin arrays. Her results from a louvered-fin array with 8=18° and Fp*=1.09 
indicated unsteady flow in the downstream end of the array by ReLp=1020, at the 
turnaround louver by ReLp=l1 00-1200, and through the entire fin by ReLp=1300. A 
further increase in Reynolds number caused small vortices to shed from the leading edges 
of the fins. These vortices began in the downstream section of the fin and moved 
upstream as the Reynolds number was increased. The data from her flow studies 
indicated that the Reynolds numbers at the onset of unsteadiness and vortex shedding 
decreased as the louver angle increased for the same Fp *. 
1.2.2 Heat Transfer 
Flow visualization techniques are useful in assessing the flow structure in the array 
but typically give no quantitative information about heat transfer performance. Therefore, 
experimental heat transfer data have been gathered through a number of approaches 
including mass transfer, heated element, and full-scale heat exchanger testing. The 
naphthalene mass transfer approach has been used extensively to evaluate the convection 
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coefficient of vanous surface geometries. In 1986, Lee performed naphthalene 
sublimation experiments on an array of flat plates positioned at an angle of attack to the 
flow in a duct. The geometry did not contain an inlet, turnaround, or exit louver. His test 
section used three fins in the spanwise direction, and the louvers of the center fin were 
coated with naphthalene on either the upstream or downstream face and machined to the 
appropriate thickness. The plates were weighed before and after exposure to the airflow 
so the sublimed mass would be known. Lee presented NUDh data for the upstream and 
downstream surface of each louver individually. The mass transfer coefficient, hm, was 
calculated using the following formula 
[1.7] 
where /lp n was the driving concentration potential for mass transfer. This potential was 
evaluated using the difference between the naphthalene surface concentration and either 
the average, log-mean, or inlet naphthalene concentrations of the free stream. Lee 
indicated that the mass transfer coefficients for these thee driving potentials were equal 
for his geometry and reflected increasing NUDh with Re, for 140<ReDh<2035. The louver 
angle in Lee's study ranged from 20°<8<35° at fixed Fp *=1.42. Lee reported that the 
average Nusselt number (between upstream and downstream surfaces) increased with 
increasing 8. Lee's results were obscured, however, because the test section in his study 
contained only three fins in the spanwise direction. 
An alternative evaluation of louver-by-Iouver heat transfer behavior was performed 
by Aoki et al. (1989). They used heated sensing devices comprised of a base metal, 
insulating layer, and a thin nickel coating. These devices acted as resistance 
thermometers and were capable of returning the heat transfer coefficient by measuring 
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the electrical input and temperature difference between the device and the air. The 
louver-by-Iouver heat transfer coefficient distributions resembled those of Dejong 
(1999), and the fin-averaged Nusselt number increased for increasing Reynolds number 
ReLp=64 and 450. The method did not simulate a full louver array because only one 
louver was activated in each experiment. Thermal wakes from upstream louvers were 
disregarded. Their results covered fin parameter ranges of 1. Omm<Lp< 1. 7mm, 
25.0°<8<32.5°, and 0.75mm<Fp<1.8mm. 
Zhang and Lang (1989) used naphthalene to study louvered fins in the range of 
500<ReLp<2300. Their test section consisted of five fins of flat-plate louvers using the 
center fin for mass transfer. The data were reduced with [1.7] using the difference 
between the inlet concentration (equal to zero) and the surface concentration of 
naphthalene. A Sherwood number, Sh, correlation was constructed as a function 8, Fp *, 
and Reynolds number. Zhang and Lang also obtained pressure-drop readings at each 
louver and combined the two data sets to construct "trade-off curves" for heat-transfer 
coefficient versus dP/dx. Zhang and Lang suggest that designers use such curves by 
choosing the design parameters where the slope of the curve is large. However, their test 
section was like that of Lee and did not use inlet, turnaround, or exit louvers, and 
contained far fewer fins than suggested by Dejong (1999). 
Huang and Tao (1993) conducted mass transfer experiments usmg naphthalene 
sublimation on a geometry similar to that of Zhang and Lang (1989), except that the flat 
louvers were two different lengths. Two consecutive louvers were identified as a cycle, 
and each cycle had one short louver and one long louver. Their test section used only five 
fins at a louver angle of 8=25°, a fin pitch range of 0.571 <Fp *<0.800 (based on the larger 
louver length) and a successive length ratio of 1.0 to 2.5. They compared their Sherwood 
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number data to those of Zhang and Lang (1989), and showed that below ReLp=1000, the 
non-uniform array outperformed the uniform-plate array. The uniform-plate array of 
Zhang and Lang (1989) had a louver pitch equal to the longer louver pitch of the non-
uniform array. Huang and Tao concluded that the non-uniform array performed better at 
low Reynolds numbers because of the smaller average louver length and resulting thinner 
boundary layers. They also suggest that its poorer performance at high Reynolds numbers 
was because the shorter louvers could not exploit a "flow impingement" mechanism 
(flow impingement here refers to boundary-layer thinning on a flat plate at an angle of 
attack). Unfortunately, this explanation is dubious because no flow visualization was 
used to understand the flow behavior. Huang and Tao did not compare a uniform array 
with a louver pitch equal to the smaller louver pitch of the non-uniform array. The 
outcome of this comparison may be different. 
Dejong (1995) studied louvered fin arrays using the naphthalene sublimation 
technique and evaluated the effects of vortex shedding on heat transfer. She used a laser 
profilometer to measure local sublimation depths on the naphthalene surface. This 
procedure revealed higher heat transfer at the leading edge of the fin than expected from 
boundary-layer theory. Dejong deduced that the enhancement was possibly due to vortex 
shedding or flow impinging effects. She recommended the use of shorter louver pitches 
to take advantage of this phenomenon. 
Later, Dejong (1999) contrasted louver-by-Iouver mass transfer data with her flow 
visualization observations. The results of this comparison showed little influence of 
vortex shedding on the heat transfer. However, the mass transfer results indicated what 
Dejong called "recovery zones" behind the turnaround louver. Dejong reported that in 
this region, the wake of the turnaround louver effectively blocked most of the flow 
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through the passage between louvers directly downstream. This blockage resulted in a 
lower heat transfer coefficient for those louvers. Hence, a recovery zone existed as the 
heat transfer coefficient increased to its value at the upstream louvers. She also reported 
that the Sherwood numbers at the inlet, turnaround, and exit louvers were much lower 
than those of the remaining flat louvers due to boundary layer growth. 
In addition to flow visualization, mass transfer, and element heating experiments, a 
large database of full-scale heat exchanger testing has been acquired for louvered fins. 
Davenport (1983), Achaichia and Cowell (1988), Wang et at. (1998a, 1998b, and 1998c), 
Chang et al. (1994), and Chang and Wang (1997) have performed these studies on actual 
heat exchanger cores. Empirical correlations are often a product of these studies and are 
limited to the geometry of the samples. In addition, these correlations do not relate flow 
phenomena to heat transfer results. The data from full-scale heat exchanger studies are 
often compared to numerical simulations. 
1.2.3 Numerical 
Numerical studies have progressed in the last decade due to advances in computing 
power. Early simulations sacrificed full representation of the louvered-fin surfaces due to 
limitations in computing time and often assumed laminar, steady flow so that grid sizes 
and complexity could be kept to manageable levels. Finite element or finite volume 
schemes were used to solve the governing equations for momentum, continuity, and 
energy. More recent studies have included unsteadiness and fine meshes to predict vortex 
shedding and turbulence in the array. Recent advances in computing power have enabled 
modelers to simulate several geometries and Reynolds numbers in a single study. The 
simulations have also been used to suggest experimental design for testing louvered fins. 
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In 1985, Kajino and Hiramatsu provided a two-dimensional, steady-state solution of 
flow through a louvered-fin array at ReLp=500. They solved the governing equations to 
obtain local Nusselt numbers along the fin. They predicted higher heat transfer from the 
flat louvers (compared to the inlet, turnaround and exit louvers) with heat transfer 
coefficients being highest at the leading edge of the louvers. Using their numerical 
model, Kajino and Hiramatsu compared the predicted velocity field to their flow 
visualization results and found that streamlines and velocity profiles in the array were 
predicted well. They did not experimentally validate their heat transfer computations. 
Achaichia and Cowell (1988) completed a two-dimensional finite-difference analysis 
of louvered arrays. They assumed fully-developed, steady, laminar flow for ReLp ranging 
from 30 to 1500 on nine separate cases having variations in F p * (1. O<F p * <2.5) and louver 
angle (15°<8<35°). In this operating range, they observed the transition from duct-
directed to louver-directed flow and obtained an expression for the mean flow angle, y, as 
a function ofRe, Fp *, and 8. 
yeO) = 0.936 - 243 (1/ReLp) - 1.76 (Fp *) + 0.9958° [1.8] 
Their numerical model could not predict inlet effects or unsteadiness, both of which can 
affect the flow in louvered fins. Furthermore, they ignored the thickness of the louvers 
(assuming an infinitesimal thickness), and thus, could not predict vortex shedding which 
can occur at high Reynolds numbers. 
Suga and Aoki (1990) performed a two-dimensional, steady-state simulation of flow 
through louvered fins at ReLp= 64 and 450; they accounted for the fin thickness. The 
numerically predicted heat transfer results were compared to the experimental results of 
Aoki et al. (1989) who used heated-film sensing devices. The comparison showed good 
agreement for average louver Nusselt numbers when the sensing devices were heated one 
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at a time in the array. Local Nusselt number calculations were similar to those of Kajino 
and Hiramatsu (1985) and indicated higher Nusselt number at the leading edge of the 
louver. The velocity predictions showed flow separation at the trailing edge of the 
turnaround louver for ReLp = 450, 8 = 26°, Fp * = 1.75, and t* = 0.08. Their results also 
confirmed that the inlet, turnaround, and exit louvers exhibited lower average Nusselt 
numbers than flat louvers, and that the fin-averaged Nusselt number increased with 
Reynolds number. 
Suga and Aoki (1991) compared heat transfer and pressure drop using their steady, 
two-dimensional model, and they proposed the following for optimizing louvered 
surfaces by minimizing wake effects between louvers: 
2n + 1 e F* = tan 
p 2 [1.9] 
In Equation [1.9], n=1 for louver angles ranging from 20°<8<30° and Reynolds numbers 
at ReLp= 192 and 450. Suga and Aoki estimated from the heat transfer to pumping power 
criterion that the ideal louver angle for their operating range was 8=20° at a Fp * of 0.50. 
A recent numerical study was performed by Atkinson et al. (1998). They calculated 
the heat transfer for louvered fins assuming two- and three-dimensional, steady, laminar 
flow. Comparison of their 2D predictions to the full-scale data of Achaichia and Cowell 
(1988) showed overprediction of the Stanton number (~70%), especially for ReLp<200. 
Their models also overpredicted friction factors up to ReLp> 1000 despite their laminar 
flow assumptions. The Stanton number overprediction was reduced when the 3D 
computations were compared to the same full-scale data. With conjugate conduction in 
the fin, this model gave better predictions with remaining inaccuracy attributed to the 
simplifying assumptions and lack of mesh refinement. Atkinson et al. concluded that the 
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added benefit of the three-dimensional simulation was essential for accurate prediction of 
heat transfer in louvered fins. 
Springer and Thole (1998) used CFD to aid in experimental design of louvered-fin 
testing. Their calculations were used to identify the number of fins necessary for a 20: I 
scale geometry to obtain fully periodic flow in the spanwise direction near the center of 
the array. The resulting design consisted of 19 fins for a louver angle of 8=27°, and 
Fp *=0.760. Two-component laser-Doppler velocity measurements were made in a wind 
tunnel for ReLp ranging from 230 to 1900. The data indicated differences in wake regions 
between ReLp=230, 450, and 1016, showing that wakes from upstream louvers were felt 
at higher ReLp flows but not at lower Reynolds numbers. Springer and Thole did not 
investigate heat transfer in their array. 
1.3 Objectives 
The parametric space explored over the past few decades is shown in Table 1.1, 
where the extent of research is summarized. It is clear from Table 1.1 that most 
researchers have investigated louvered fins containing 13 or more louvers. Lee (1986) 
and Dejong (1995) studied fins with six to eight louvers but no flow visualization was 
performed. Furthermore, Lee only used flat louvers, and Dejong's (1995) study did not 
consider ReLp<640. In the current study, five louvered-fin cases, each containing nine 
louvers, will be examined using flow visualization. A sixth case, with 19 louvers, will 
also be studied for comparison. The dye-in-water technique will be used to observe 
streamlines, unsteady flow, and other flow phenomena. The flow behavior is an 
important aspect of louvered-fin design because the various flow phenomena may 
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enhance or limit heat transfer performance (Dejong 1999). It will be important to 
understand flow behavior in louvered fins with only a few louvers. 
Previous research that included flow visualization did not include heat transfer 
experiments except for Dejong (1999) who used 17 louvers. In the current research, 
naphthalene sublimation experiments will be performed to obtain louver-by-louver heat 
transfer performance in the form of Nusselt number, Nu. These data can be used with 
flow visualization data to relate flow behavior to heat transfer performance. 
The only research performed at low Reynolds numbers (ReLp<600) consisting of 
flow visualization and heat transfer experiments was that of Dejong (1999) with 17 
louvers per fin. Remaining researchers who investigated louvered fins at low Reynolds 
numbers either did not compare heat transfer data to flow visualization or performed 
computational studies on a limited number of cases. In this study, the flow visualization 
and mass transfer experiments will be performed at ReLp below 600. 
Having identified the gaps in louvered-fin research, the current study will focus on 
the understanding of flow and heat transfer behavior in louvered fins containing only a 
few louvers. The effect of fin parameters, such as fin pitch, louver angle, and louver 
pitch, on flow and heat transfer will be explored. Furthermore, the experiments will be 
conducted at ReLp<600. Quantifying the performance of the louvered fin in this regime 
may lead to improved designs for low-cost, high-performance heat exchangers for air-
conditioning applications. 
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Figure 1.2 - Definitions of louver-directed flow, duct-directed flow, and l1Webb. 
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Table 1.1 - Summary of louvered-fin parameters studied. 
Investigators ReLp F* p 9 (0) t* # Fins # Louvers Flow Heat Transfer 
Webb & Trauger (1991) 400-4000 0.733-2.0 20-30 0.042 10 NR dye No 
Aoki et al. (1989) 64,450 0.71-2.0 25-35 NR NR 13,19 no heated element 
I 
Lee (1986)1 150-2000 1.42 20-35 0.0425 3 8 no mass transfer ! 
Zhang & Lang (1989)1 500-2300 0.8-1.33 15-35 0.04-0.067 5 >5 no mass transfer 
Huang & Tao (1993) I 200-1600 0.571-0.80 25 0.029-0.1 5 18 no mass transfer 
DeJong (1995) 640-1280 1.0 25 0.125 6 6 no mass transfer 
DeJong (1999) 70-1400 0.73-1.7 18:-28 0.1 3,12,15 17 dye mass transfer 
Kajino & Hiramatsu (1985) 500 1.0,2.0 26 NR 10,20 13 dye, H2 bubble numerical 
Achaichia & Cowell (1988) 30-1500 1.0-2.5 15-35 Neglected 00 NR numerical numerical 
Suga & Aoki (1990) 64,450 1.125-1.75 26 0.08 00 13,19 LDV numerical 
Suga & Aoki (1991) 64,450 0.5-1.125 20-30 0.08 00 13 numerical numerical 
Atkinson et al. (1998) 100-3200 1.46 25.5 0.036 00 23 numerical· numerical 
-0\ Beamer et al. (1998) 25-317 NR NR NR 3,6,12 17 dye numerical 
Springer & Thole (1998) 230-1900 0.76 27 0.08 19,00 17 LDV, numerical numerical 
NR = no report 
1 flat louvers only 
CHAPTER 2 - EXPERIMENTAL APPARATUS 
The experimental methods used in this study included flow visualization 
experiments in a water tunnel and mass transfer experiments in a wind tunnel. For flow 
visualization, dye in water was used along with photographic equipment to record flow 
phenomena in the array. The specimens used in the flow visualization experiments were 
placed in the wind tunnel for mass transfer experiments. These experiments used the 
naphthalene sublimation technique, exploiting the heat and mass transfer analogy. Using 
these complimentary experimental methods, the flow behavior could be related to heat 
transfer performance. 
2.1 Water Tunnel 
A closed-loop water tunnel was designed and constructed for flow visualization. 
A schematic of this facility is given in Figure 2.1. In order to achieve geometric and 
dynamic similarity in the water tunnel with the scale models, the approach water velocity 
ranged from 0.3 to 1.8 cm/s. At such low velocities, a relatively large flow cross-section 
(25.4 cm x 7.0 cm) was selected so that the volumetric flow rate through the tunnel could 
be measured with an acceptable uncertainty. Two rotameters connected in parallel 
allowed accurate flow measurements in the Reynolds number range of interest. 
The water tunnel consisted of a number of components. The inlet settling chamber 
allowed for flow stabilization upstream of the inlet contraction. The 3: 1 area contraction 
suppressed boundary layer growth upstream of the test section. Downstream of the test 
section, the diffuser provided an unseparated deceleration of the flow into the outlet 
settling chamber. The flow then passed into a frequency-controlled 112 horsepower pump 
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that could provide water flow rates up to 1900 cm3 Is. The location of this pump was 
selected so that flow perturbations would die out before propagating upstream into the 
test section. The main tunnel was constructed of 16ga stainless steel because of its 
strength and resistance to corrosion. The test section was made from 1.27cm acrylic to 
allow visual access, and the plumbing network was made from standard PVC piping. 
Dye was injected directly upstream of the test specimen and was gravity fed through a 1.3 
mm diameter needle with its end bent into the direction of the flow. The injection rate 
was regulated by a needle valve at the base of the dye reservoir. 
The main instrumentation for this facility consisted of a standard mercury 
thermometer to measure water temperature (±0.5°C) and two Dwyer VFS Series 
rotameters to obtain flow rates. The two precision rotameters covered different ranges: 
one was from 25.0 to 315.0 cm3/s (± 5.8 cm3/s), and the second from 126.0 to 1260 cm3/s 
(± 22.7 cm3/s). By using these two flow meters in parallel, a broad range of Reynolds 
numbers could be measured to within an acceptable uncertainty. Images were recorded 
with a Canon EOS Rebel X 35mm camera and a standard 500W photographic lamp. 
2.2 Wind Tunnel 
An induction wind tunnel, shown schematically in Figure 2.2, was used for the 
mass transfer experiments. During operation, air was drawn from the laboratory, flowed 
through the tunnel and discharged outside the lab to avoid contaminating the room air 
with naphthalene. Four parameters were measured in the laboratory to infer air density 
and sublimation rates of the naphthalene. Relative humidity (±2%) was measured with a 
Vaisala Model 31 Humidity Indicator. Temperature (±O.I°C) was measured using 
18 
platinum RTD's connected to a National Instruments SeXI 1321 interfaced with a SeXI-
1000 main board. These R TD' s were placed upstream and downstream of the test section 
and the temperature was averaged for each run. Barometric pressure (±13Pa) was 
measured with a Princo Model 469 barometer. Mass measurements of each naphthalene 
specimen were made with a Mettler AE 200 analytical balance (0-200g, ± 5xl0-05 g). 
The wind tunnel inlet was equipped with honeycomb flow straighteners, screens, 
and a 9-to-l elliptic area contraction. A hot-wire anemometer was used to confirm that 
the approach velocity profile was flat to within approximately 2%, and the turbulence 
intensity was less than 2% over the entire test range. During normal mass transfer 
experimentation, the approach velocity in the wind tunnel test section was inferred using 
an ASME Standard orifice plate located downstream of the test section (see Figure 2.2). 
The pressure drop across the plate was measured with a Dwyer Microtector electronic 
manometer (±0.12 Pa). 
The test section (Figure 2.3) was constructed of acrylic to provide easy access to 
the instruments and test array. The cross section at the location of the specimen measured 
15.2 cm x 7.0 cm. Each specimen was placed within close proximity to the contraction to 
avoid flow development upstream of the array. In addition, the RTD's were located far 
upstream and downstream to avoid disturbance of flow at the array. Prior to each 
experiment, the test specimen was secured and sealed with foil tape. 
2.3 Test Specimens 
A photograph of one of the six specimens is shown in Figure 2.4. Five of the six 
cases were created 10:1 scale, and the sixth case was created 9:1 due to the test section 
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geometry. Each speCImen was created usmg a rapid-prototyping process called 
"stereolithography." In this process, a three-dimensional model of each test specimen was 
created in a solid modeling program. The models in this study were created using 
Pro Engineer, a software package created by Parametric Technology Corporation. The 
solid models were then downloaded to interfacing software that converted the model to a 
series of commands used by the building apparatus. From these commands, a laser 
solidified a photopolymer resin, layer by layer, to create the specimen. Each louvered-fin 
geometry required approximately 8 to 10 hours to model in ProEngineer and 36-48 hours 
to complete in the stereolithography facility. This specimen manufacturing process was 
chosen because of the excellent tolerances of the laser and the speed at which the part 
could be completed. 
The test specimens were designed so that the number of fins would exceed the 
amount necessary to represent an actual heat exchanger. Wall effects can suppress the 
flow efficiency of fins too close to the sides of the test section. Therefore, as suggested by 
DeJong (1999), the specimens were scaled so that at least 10 fins could be placed into the 
test sections. The defining parameters for the louvered-fin geometry in this study are 
indicated in Figure 2.5 and Table 2.1. 
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Figure 2.1 - Schematic of the water tunnel designed and constructed for flow 
visualization in this study. (A) inlet settling chamber (B) inlet contraction (C) test section 
(D) diffuser (E) outlet settling chamber (F) pump (G) rotameters 
21 
J .... 41----
~---;-----~ 
I 
G 
Figure 2.2 - Schematic of the induction wind tunnel used for the mass transfer and 
experiments. (A) inlet (B) inlet flow straighteners (C) 9: 1 area contraction (D) test section 
(E) exit flow straighteners (F) diffuser (G) fan (H) discharge plenum (1) orifice plate (J) 
discharge outside of laboratory 
22 
70.0 em • 
~ T 
• 
Flow ~. • 15.2 RTD 1 RTD2 ~ 
(a) 
.I+- 20.0 -. ~.""1.--22.0 ~ 
j.-12.0 ~ 
11111111111111 I 11 
(b) 
Figure 2.3 -Top (a) and front (b) views of the acrylic wind tunnel test section. 
Figure 2.4 - A 10: 1 test specimen constructed using stereolithography. 
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Figure 2.5 - Detailed description of parameters for the louvered-fin geometry used in this 
study. 
Table 2.1 - Fin parameters for the louvered-fin geometry. 
Case Fin Pitch, Louver Pitch, Fp* t* Louver Louver S2, S3, S4 
Number Fp(mm) Lp(mm) Angle, 8 (0) Number (mm) 
Cl 1.41 1.6 .88125 0.094 20 6 2.5, 1.0, 1.95 
C2 1.41 1.6 .88125 0.094 24.5 6 2.5, 1.0, 1.95 
C3 1.41 1.6 .88125 0.094 30 6 2.5, 1.0, 1.95 
C4 1.27 1.6 .79375 0.094 20 6 2.5, 1.0, 1.95 
C5 1.693 1.6 1.0581 0.094 20 6 2.5, 1.0, 1.95 
C6 1.41 1.0 1.41 0.167 20 14 1.0, 0.5, 1.50 
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CHAPTER 3 - PROCEDURES AND DATA REDUCTION 
The methods used to understand basic flow phenomena and heat transfer 
performance in the louvered fin were flow visualization and mass transfer experiments. 
Flow visualization helped identify fundamental flow features such as flow efficiency, 
recirculation zones, vorticity, and turbulence. The mass transfer experiments provided 
louver-by-louver Nusselt number data. 
3.1 Flow Visualization Experiments 
The procedure used in the flow visualization experiments was designed around 
achieving dynamic similarity between the scale test specimen and the actual louvered-fin 
geometry. First, the water tunnel was allowed to come to thermal equilibrium with the 
room, and the test geometry was installed within the test section. Water temperature was 
measured to calculate the kinematic viscosity. Volumetric flow rate was calculated based 
on the cross sectional area of the test section, the louver pitch of the model, and the 
desired Reynolds number. The frequency-controlled pump was then set to provide the 
desired flow rate as measured by the two rotameters. Dye was injected into the flow near 
the inlet louver of the center fin to account for and avoid wall effects in the water tunnel. 
The dye flow rate was controlled in order to appropriately match dye velocity with water 
velocity. The two velocities matched when the dye stream became smooth and uniform in 
thickness prior to entering the test array. 
The flow visualization results depended on injector placement, and to properly 
characterize the flow the injector was placed at two different positions as shown in Figure 
3.1. These two positions were chosen because they provided extremes in the measured 
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flow angle. The results obtained from the two positions were averaged and provided a 
more general representation of the flow. 
Images were recorded with the 35mm camera, and lighting in the laboratory 
during flow visualization was critical to obtain clear photographs. A 500W photo lamp 
was utilized to illuminate the test section. In order to minimize glare, the test section was 
lighted indirectly by reflection from white posterboard. 
The flow was photographed several times at each Reynolds number. Generally, 
three different photographs were taken at each injector position. An image of the entire 
fin was recorded, its upstream half, and its downstream half. These images were acquired 
to allow evaluations of flow efficiency. The camera was positioned approximately 0.5 m 
from the test section to avoid parallax. Additional photographs were recorded to show 
specific regions of interest in the flow such as separation around fins or recirculation 
zones. The camera was positioned closer to enhance detail for these photographs. 
After film processing, the photographs were digitized at 300 dpi, full color, on an 
Epson 800 scanner and saved in JPEG file format. Adobe Photoshop LE was used to edit 
the images for brightness and contrast. Once the image quality was improved, flow angle 
data could be obtained. A scale tool in the software was used to determine distances on 
the digitized image. This tool placed graduated rules along the top and side of the image. 
The cursor could then be placed at the start and end points of a line with the coordinates 
reported. The measuring technique is shown in Figure 3.2. 
Once flow angles were gathered, the data were divided by the louver angle to 
obtain flow efficiency as defined by 
r 11=-e [3.1] 
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Flow efficiency was gathered for both injector positions as described above, and the two 
flow efficiencies were averaged. This averaging minimized the effects of injector 
placement. 
3.2 Naphthalene Specimen Preparation 
The naphthalene fins were constructed by casting scintillation-grade naphthalene 
onto each louvered-fin element. Aluminum sheet metal was cut to duplicate the 
dimensions of each test specimen fin. The thickness of the sheet metal was chosen so that 
the naphthalene could be cast to the desired final thickness. The aluminum fins were then 
taken to the casting facility where naphthalene was heated above its melting temperature 
in a 300 mL beaker placed on a hot plate. The metal fin was quickly dipped into the 
molten naphthalene. This procedure was repeated until the desired fin thickness was 
reached. A schematic of the completed fin is shown in Figure 3.3. When casting, the 
temperature of the hot naphthalene was crucial to provide a smooth finish on the fin. 
This temperature was kept at approximately 103°C for the beaker used. It was important 
that this temperature be maintained (within ±lO°C) throughout the casting session 
because if the naphthalene temperature was too low, the naphthalene finish was scale-like 
and could flake off easily. If the temperature was too high, the naphthalene liquid would 
overheat the metal fin, and the naphthalene would not stay attached once the fin was 
removed. Maintaining the proper temperature ensured a "frosted" appearance of the cast 
naphthalene. This type of finish provided a stable and even coat of naphthalene on the 
metal fin. 
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3.3 Mass Transfer Experiments 
The heat and mass transfer analogy allows thermal performance to be studied 
using mass transfer experiments (Appendix A). Prior to each test, the wind tunnel and 
data acquisition equipment were started and allowed to run for several minutes. Warm-up 
ensured that the wind tunnel motor and electronics showed no transient changes once the 
experiment began. In addition, the heating and air conditioning system was switched off 
or set to an unattainable temperature. This was done to prevent jumps in the laboratory air 
pressure or temperature due to the ventilation system switching on and off during a test. 
At low air velocities, a sharp change in air pressure could result in a large uncertainty in 
Reynolds number. It was even noted that closing or opening the laboratory exit door 
changed the air pressure. To maintain constant pressure, this door was either kept open or 
shut for the entire test. 
Following the warm-up process, air temperature, relative humidity and barometric 
pressure measurements were taken in the laboratory. These parameters were used to 
determine the appropriate air velocity in the tunnel, at a prescribed Reynolds number, 
using a code written in EES (Engineering Equation Solver) software. The Reynolds 
number in the wind tunnel was defined by: 
ULp 
Re =--
Lp V [3.2] 
The air velocity, U, was regulated by attenuating the motor frequency until the correct 
pressure drop existed across the orifice plate. 
Once the correct Reynolds number was reached in the tunnel, the test specimens 
were weighed using an analytical balance. The specimens were then placed directly into 
the center of the test array (Figure 3.4) and exposed to the controlled air flow in the wind 
28 
tunnel. Air temperature was recorded throughout the experiment and was later averaged 
over the entire exposure time to recalculate the Reynolds number for the test. At higher 
Reynolds numbers, a short exposure period «90 minutes) ensured that excessive 
sublimation did not cause significant geometrical distortion (~t* <1.5%); whereas, at low 
Reynolds numbers, a longer exposure period (>120 minutes) was required to keep 
Sherwood number uncertainties acceptable. After exposure in the tunnel, the specimens 
were weighed again. 
The temperature, exposure time, and weight data were used in the following 
equations to arrive at louver-by-Iouver Nusselt numbers. 
AM h =-------
m AI (Pn,v - Pn,oo)~ r [3.3] 
[3.4] 
( p )0.4 Nu=Sh S: [3.5] 
In Equation 3.3, the freestream density of naphthalene, Pn,oo' was assumed to be zero 
unless otherwise noted. A detailed discussion of data reduction is found in Appendix A. 
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Figure 3.1 - Details of injector placement for measuring flow efficiency. (a) Injector is 
placed between neighboring fins. (b) Injector is placed directly upstream of the inlet 
louver. 
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Figure 3.2 - Screen image of flow angle measurement in Adobe Photoshop LE. 
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Figure 3.3 - Naphthalene fin specimen used in mass transfer experiments. 
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Figure 3.4 - Schematic of wind-tunnel test section showing placement of naphthalene-
coated louvers. 
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CHAPTER 4 - GENERAL FLOW BEHAVIOR IN THE 
LOUVERED-FIN ARRAY 
The heat transfer performance of the louvered-fin geometry is directly influenced 
by flow behavior. This behavior may consist of boundary layer development and other 
features such as vortices, separation, and wakes. The presence of such features is dictated 
by the flow rate and geometric parameters such as fin pitch, louver pitch, and louver 
angle. In order to understand the influence of flow on heat transfer, it was first necessary 
to quantify the flow behavior. 
4.1 Flow Visualization 
Observations from earlier work, Achaichia and Cowell (1988) and Webb and 
Trauger (1991), suggest two limiting flow paths: "duct-directed flow" or "louvered-
directed flow." In most applications, the flow is louver-directed and follows the louvers 
through the array. This flow. pattern leads to high flow efficiency (cf. Eq.[3.1]) and good 
heat transfer performance. However, at very low Reynolds numbers, the flow-directing 
ability of the louvers is diminished, and a duct-like flow may result. When this flow 
pattern occurs the flow essentially bypasses the louvers and flows from inlet to exit 
louver as if bounded by two walls. Because a large percentage of the bulk fluid does not 
pass between the louvers, the heat transfer performance of the fin can suffer in a "duct 
flow". 
Figure 4.1 provides an example of duct-directed flow at ReLp=50 for various 
streamlines. In Figure 4.1a, the dye stream enters between two fins and travels through 
the duct without passing between the louvers. This flow behavior is a result of the relative 
hydraulic resistance to flow between the louvers and the duct between fins. In particular, 
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at low Reynolds numbers the thick boundary layers on the individual louvers effectively 
reduce the area for flow between louvers. The resistance to flow between the louvers is 
higher than the resistance to flow in the large passage between fins. Thus, most of the 
fluid passes between fins, and the flow is duct-directed. As shown in Figure 4.1 b, a 
different dye stream entering closer to the inlet louver of one fin is mostly directed 
through the passage between fins until eventually turning near the center of the array. The 
flow efficiency is low in this case as the spanwise distance traversed by the streamline is 
roughly one half of the fin pitch. 
One artifact of duct-directed flow is the presence of interlouver recirculation 
zones. These flow features can be seen in Figure 4.2. Recirculation zones are regions of 
rotating fluid created when separation occurs on a louver (Figure 4.3). Because the bulk 
fluid motion is within the duct between fins, the louvers appear as inclined plates to 
approaching streamlines. In this flow situation, an adverse pressure gradient on the 
downstream side of the louver causes the flow to separate from the surface. Thus, to 
conserve mass flow downstream of the separation point, a recirculation zone forms. 
As the Reynolds number in a louvered-fin array increases, the flow-directing 
ability of the louvers increases. Gradually, the flow changes from duct-directed to louver-
directed flow. Typical cases of louver-directed flow, at a fixed ReLp, are found in Figure 
4.4 (except C6). The transition to louver-directed flow can be explained by hydraulic 
resistance concepts. As the Reynolds number is increased, the resistance due to friction 
through the duct grows. Eventually, the associated pressure drop for flow through the 
duct increases beyond that for flow through the louvers. Thus, the flow becomes more 
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aligned with the louvers and results in increased flow efficiency with increasing Reynolds 
number. It was under these circumstances that flow efficiency measurements were made. 
Flow angle measurements were taken at several Reynolds numbers for C1-C5. 
The flow characteristics of C6 were unique and will be discussed in a later section. Flow 
efficiency data were obtained through Equation [3.1] and are plotted against Reynolds 
number in Figure 4.5. In each geometry, the flow efficiency increased with Reynolds 
number but rapidly reached a constant value. Several researchers, including Achaichia 
and Cowell (1988) and Beamer et al. (1998), report similar findings. The point at which 
the data become independent of ReLp varies from case to case. Likewise, the maximum 
flow efficiency varies with geometry. The slope in the data between ReLp=O and 
ReLp=100 is a result of increasing flow alignment due to boundary layer thinning on the 
individual louvers as the Reynolds number increased. A flow efficiency of11=l was never 
attained because of flow development through the array. The flattening of the data 
suggests that there is little advantage to increasing flow velocities beyond ReLp=150 to 
obtain maximum flow efficiency. 
4.2 Louver Angle Effects 
A comparison of C1-C3 in Figure 4.4 shows that the flow angle increased with 
increasing louver angle. This behavior can also be explained using hydraulic resistance 
concepts. As the louver angle increased, the gap between adjacent louvers became larger, 
and the duct between fins became smaller. The increased interlouver flow area lowered 
the pressure drop in this direction relative to that through the interfin space. Thus, more 
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flow was directed along the louvers. In Figure 4.5, it is shown that the increase in louver 
angle from Cl to C3 led to an increase in flow efficiency. 
4.3 Fin Pitch Effects 
Comparison of Cl, C4 and C5 in Figure 4.4 reveals that the flow angle increased 
with decreasing F p *. Here, the decrease in F p * reduced the size of the duct between the 
fins relative to the louver gap. The reduction in duct area increased friction in this 
direction and effectively forced the fluid to follow the path of least resistance along the 
louvers. Flow efficiency data for C 1, C4 and C5 are plotted in Figure 4.5 where it is 
shown that flow efficiency increased with decreasing Fp *. 
4.4 Louver Pitch Effects 
It was mentioned earlier that C6 was unique. This geometry deviated from C 1 by 
its louver pitch. Selection of fin parameters in this study was based upon making a single 
alteration to the fin geometry and observing the changes in flow behavior and heat 
transfer. However, the reduction in louver pitch for C6 imposed two changes from the 
base case (Cl). First, the number of louvers increased from nine to seventeen. The 
reduction in louver pitch led to an increase in Fp *, and from an earlier discussion, would 
lead to lower flow efficiency. Second, the ratio of fin thickness to louver pitch, t*, was 
increased because the fin thickness remained the same for the two cases. As this ratio 
changed, the size of the gap between louvers changed. The louver gap is a function of 
both louver pitch and fin thickness due to the method in which louvered fins are 
manufactured. Figure 4.6 illustrates the procedure. 
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Louvered fins are created from a single flat piece of fin stock. A die is used to 
punch cuts into the metal at a spacing equal to the louver pitch. Then, the angle of the 
louver is set as the metal sections are rotated into place. The louver gap, Lg, depends on 
the center distance between cuts (the louver pitch), the thickness of the stock, and the 
louver angle. It is readily seen that decreasing the louver pitch or increasing the fin 
thickness will result in a smaller louver gap. To maintain the same louver gap at different 
louver pitches and fixed louver angle, it would be necessary to vary the fin thickness. 
In C6, the ratio of fin thickness to louver gap was increased. This increase 
contributed to duct-directed flow by reducing the interlouver space relative to the 
boundary-layer thickness on the louvers. The resulting flow restriction was larger for C6 
than the other geometry due to its smaller louver gap. The simple schematic in Figure 4.7 
shows this concept. 
The combined effects of increased Fp * and t* resulted in duct-directed flow up to 
ReLp=300 for C6. This case showed little promise in aligning the flow with the louvers 
for increased heat transfer. With flow efficiency as a measure of performance, this fin 
geometry would result in a poorly designed heat exchanger. In order to correct the 
problem of low flow efficiency, a change in fin thickness is necessary; however, such a 
change is subject to manufacturing and cost constraints. 
4.5 Flow Efficiency Correlation 
Correlating flow efficiency from flow visualization results can be useful in 
various ways. For example, certain restrictions in manufacturing capabilities and 
materials may impose limitations on one or more fin parameters. Using these limitations, 
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a correlation could aid in specifying the remammg dimensions for maxImum flow 
efficiency. An example may be a limitation on louver pitch. The louver pitch may be 
restricted due to overall fin length requirements or manufacturing processes. A flow 
efficiency correlation could use the limits of louver pitch to obtain the best combination 
of fin pitch, louver angle, or fin thickness. Flow efficiency correlations could also be 
useful in predicting heat transfer performance of louvered fins. The flow efficiency 
correlation developed in this study will be used in this respect. 
Achaichia and Cowell (1988) and Webb and Trauger (1991) provided flow 
efficiency correlations, but they did not cover the range of fin parameters or Reynolds 
numbers in this study. Achaichia and Cowell used their correlations to predict either the 
mean flow angle or flow efficiency as a function of Reynolds number, Fp *, and 8, but 
they assumed fully developed, periodic flow. Webb and Trauger did not recommend the 
use of their correlation below ReLp=400. In this study, a flow efficiency correlation was 
formulated as a function of ReLp, F p * , and 8 based on data from C 1-C5. 
The flow correlations from Achaichia and Cowell (1988) and Webb and Trauger 
(1991) are based on their individual range of parameters listed in Table 1.1. 
Achaichia and Cowell (1988): 
11 = (0.936 -243 (ReLPr l - 1.76(Fp*) + 0.9958)/8 [4.1] 
Webb and Trauger (1991): 
11Webb = 0.091 (Re)0.39 (Fp *rO.44 (8/90)°.3 [4.2] 
The two equations are of different form, but they consistently communicate the physical 
dependence of flow efficiency on the louvered-fin parameters. Both equations indicate an 
increase in flow alignment with increasing Reynolds number and louver angle and 
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decreasing Fp *. However, a difference in behavior of [4.1] and [4.2] exists. The 
correlation of [4.1] indicates that the mean flow angle is independent of Reynolds number 
as ReLp gets large, whereas the predicted flow efficiency from [4.2] is unbounded. 
Equation [4.1] predicts flow alignment in a more practical sense. It is obvious that the 
flow efficiency could not be greater than unity, and that flow development in the array 
results in some maximum flow efficiency less than unity. It should be noted that the flow 
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efficiency of Webb and Trauger (1991) was defined by Equation [1.4] and differs slightly 
from Equation [3.1] used in this study and the study of Achaichia and Cowell (1988). 
Rearranging Equation [1.4] and considering Equation [3.1] it can be shown that 
and 
dl tany 
1JWebb = d. = tanB 
I 
[ 4.3a] 
[4.3b] 
The difference in flow efficiency between 11 and 11Webb is thus a function of louver angle 
and the mean flow angle. 
The flow efficiency correlation in this study was constructed from equations 
formulated for 11Re~oo and 11RHO. The method of Churchill and Usagi (1972) suggests 
combining the two equations through the following relation: 
( t;J1It; 11 = 11Re~O 1 + (11Re~<XJ) 
11Re~O 
[4.4] 
Motivated by the success of such an approach, a lower limit equation (11Re~O) was found 
through calculation of the slope between the point (0,0) and the ReLp=50 data (Figure 
4.5). An upper limit equation was found through a least-squared error fit of 11 from 
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ReLp=200 to 300 using the form of [4.1]. Applying the two limit equations, the following 
relation was developed to correlate flow efficiency to ReLp, Fp *, and 8: 
[ J lI~ ( 0.820 - 0.3325(Fp *) + 0.8937(8 /90)J~ 11 = 0.015ReLP 1 + 0.015ReLP 
where ~ is given by 
~ = -3.013 Fp* -5.725 
[4.5a] 
[4.5b] 
Predictions based on Equation [4.5] never differed from the data by a relative error of 
more than 5.7%; furthermore, 95% of the data were predicted to within 3.4% (i.e., the 2-
cr error was less than 3.4%). The experimental data and predictions of Equation [4.5] are 
plotted in Figure 4.8. The primary contribution to error in the model is the prediction of 
flow efficiency at ReLp=100. The flow efficiency is more difficult to predict at this 
Reynolds number because it lies in a transition region of increasing flow efficiency. The 
Churchill and U sagi method predicts a uniform transition between the two limit 
equations, and the value of ~ determines the shape of this transition. This situation is 
shown in Figure 4.9. Equation [4.5b] provides ~ as a function of Fp*. This relation was 
necessary because the flow-efficiency behavior in the transition region varied with 
geometry and was influenced by fin pitch. The dependence of ~ on louver angle was 
negligible. 
The correlation of [4.5] is more complex than [4.1] and [4.2]. In Figure 4.10, a 
considerable difference in the three flow relations can be seen. The disagreement in 
trends and magnitude between [4.1], [4.2], and [4.5] may be attributed, in part, to factors 
unaccounted for by the correlations. None of these relations account for variations in fin 
thickness, number of louvers, or the shape of the inlet, turnaround, and exit louvers. 
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These parameters remained constant from case to case in this study and could not be 
represented in [4.5]. Further disagreement between [4.5] and the correlation of Achaichia 
and Cowell (1988) may result from their simplified flow assumptions. Their numerical 
model overpredicts flow efficiency because they assumed fully developed flow in the 
array and zero fin thickness. It was evident from C6 observations, that fin thickness has 
significant influence on the flow efficiency. Webb and Trauger (1991) studied flow 
efficiency at Reynolds numbers ranging from 400<ReLp<4000. Their correlation is 
extrapolated below ReLp=400 for comparison. The difference between [4.4] and [4.2] 
may be due to the different range of Reynolds numbers studied. Webb and Trauger 
covered a larger range of Reynolds number and Fp * than represented in this study, and 
their flow efficiency measurements below ReLp=800 are widely scattered between 
geometry. 
Equation [4.5] predicts flow efficiency for louvered-fins at low Reynolds numbers 
as a function of louver angle (20°<8<30°) and Fp * (0.794< Fp *<1.058). The equation 
should be used to predict flow efficiency on louvered-fins containing only nine louvers 
and for t* near 0.09. Extrapolation of the correlation beyond its parameter ranges could 
lead to inaccurate predictions, particularly at larger t*. C6 is a convincing example with 
25% disagreement at ReLp=50. However, it is possible to extrapolate the equation to 
higher Reynolds numbers. This procedure is acceptable because the flow efficiency 
approaches a maximum value for a particular geometry by ReLp=300. The correlation of 
flow efficiency obtained from flow visualization will be used in the next section to 
predict heat transfer behavior of the louvered fin. 
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(a) 
(d) 
Figure 4.1 - Ducted-directed flow at ReLp=50 for C6 at various dye injector positions. (a) 
Streamline passes by all louvers. (b) Streamline enters fin near turnaround. (c) Stream 
line enters fin between fourth and fifth louvers. (d) Streamline enters fin between second 
and third louvers. 
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recirculation zones 
(b) 
recirculation zones 
(c) 
Figure 4.2 - Recirculation zones in the louvered fin array. (a) Recirulation zone is 
highlighted by the dye between louvers 7 and 8. (b) Recirculation zones are highlighted 
between louvers 4 and 5 and 5 and 6. (c) Recirculation zones are highlighted between 
louvers 2 and 3 and 3 and 4. 
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Flow 
recirculation zones 
Figure 4.3 - Recirculation zones on a louver. The smaller zone is formed as a result of 
geometry. The larger zone results from separation at the surface due to an adverse 
pressure gradient in the flow direction. 
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• 
Cl: 8=20°, Fp*=0.881 
C2: 8=24.5°, Fp *=0.881 
C3: 8=30°, Fp*=0.881 
Figure 4.4 - Dye streams during flow visualization at ReLp=150. For CI-C5 t*=0.094, 
and for C6, t*=0.167. 
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Figure 4.5 - Flow efficiency versus Reynolds number. For all cases t*=0.094. 
Formed louvers 
(after rotation) 
t 
Top view 
Side view 
~ 
Figure 4.6 - Schematic of louvers manufactured from flat fin stock. 
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CI-C5 
------1~~ Flow 
C6 
Figure 4.7 - Simplified schematic of flow restriction dependence on louver pitch and fin 
thickness. 
Data Eq. [4.5] Fin Geometry 
Cl • -- 9=20° FD*=0.881 C2 • --- 9=24,5° Fn*=0.881 C3 ... - -- 9=30° FD*=0.881 
C4 • --------- 9=20°, FD*=0,794 C5 ~ --.-- 9=20° Fo*=1.058 
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Figure 4.8 - Equation [4.5] predictions plotted with flow efficiency data for CI-C5. 
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Figure 4.9 - The Churchill and Usagi (1972) solution. The transition between the zero 
and infinity solution is a function of the exponent s. 
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Figure 4.10 - Flow efficiency correlations of Achaichia & Cowell (1989) (numerical) and 
Webb & Trauger (1991) ([4.3b] extrapolated) plotted with Cl data and Equation [4.5]. 
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CHAPTER 5 - GENERAL HEAT TRANSFER BEHAVIOR IN THE 
LOUVERED-FIN ARRAY 
The heat transfer performance of the louvered-fin geometry is entirely dependent 
on the flow behavior. This behavior was discussed in Chapter 4, and a correlation relating 
flow efficiency to fin parameters was constructed. In this chapter, a correlation will be 
constructed for prediction of the fin-averaged Nusselt number, NULp, as a function of the 
flow efficiency and Reynolds number. 
5.1 General Performance 
The louver-by-Iouver Nusselt number distribution of C1 represents the general 
heat transfer behavior of the louvered fins in this study (Figure 5.1). The data were 
reduced using Equation [3.3] with the mixed-mean concentration of naphthalene in the 
freestream taken as zero. The shape of the heat transfer distribution is related to the flow 
behavior and temperature field. The upstream half of the fin contributes to higher heat 
transfer because of flow development along the fin. Louvers directly downstream of the 
turnaround exhibited lower Nusselt numbers due to the recovery-zone effect noted by 
Dejong (1999). The recovery zone consisted of one louver for the nine-louver cases (C1-
C5) and three to four louvers for the seventeen-louver case (C6), suggesting that this 
phenomenon is related to flow efficiency. The low flow efficiency of C6 allowed the 
large thermal wake of the turnaround louver to envelop the neighboring downstream 
louvers, thus lowering their potential for heat transfer. In the louver-directed flow of C 1-
C5, the turnaround wake was directed at the local flow angle almost parallel to the 
neighboring downstream louvers. Thus, the recovery zone was smaller for louver-
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directed flow. The Nusselt numbers at the inlet, turnaround, and exit louvers were lower 
due to the larger average boundary layer thickness on these surfaces. These surfaces 
exhibited lower heat flux than the straight louvers, however, their larger surface area 
contributed more to the total heat transfer of the fin. 
5.2 General Trends Suggested by Data 
Fin-averaged Nusselt numbers were obtained by weighting the Nusselt number of 
each louver by its surface area. The fin-averaged Nusselt numbers are plotted against 
Reynolds number for Cl and C3 in Figure 5.2 to illustrate the effect of louver angle on 
heat transfer. The results indicate an average increase in NULp of 12% with louver angle 
from Cl to C3 (8: 20° to 30°). The effect of fin pitch on heat transfer can be seen in 
Figure 5.3 where fin-averaged Nusselt number data are shown for Cl and C5. The results 
indicate an average increase in NULp of 10% with decreasing fin pitch between Cl and 
C5 (Fp*: 0.881 to 1.058). 
It was mentioned in Chapter 4 that the flow behavior of C6 differed from that of 
the remaining five geometry. The flow was characterized as duct-directed with low flow 
efficiency. The heat transfer behavior of C6 was also different from that of the remaining 
five cases. The fin-averaged Nusselt numbers for Cl and C6 are plotted in Figure 5.4, 
showing that the heat transfer performance of C6 was far below that of C 1. In section 4.4, 
it was noted that the reduction in louver pitch led to a larger Fp * as well as higher flow 
restriction between louvers. Clearly, the effects of louver pitch are more influential than 
those of the louver angle and fin pitch for this parameter space. 
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Uncertainty in the mass transfer experiments should be considered when 
analyzing the trends in heat transfer suggested by the data. The uncertainty in NULp was 
calculated to be ± 9% (Appendix B). In Figure 5.2, the largest deviation in NULp between 
C 1 and C3 is 18%. Thus, interpretation of the data might suggest that the two cases are 
indistinguishable. However, the increase in heat transfer is systematic throughout the 
Reynolds-number range with the exception of NULp near ReLp=500. This observation 
confirms the assessment of increasing heat transfer with increasing louver angle. The 
same arguments can be made for the data in Figure 5.3. 
5.3 Mixed-Mean Nusselt Number Correlation 
It was noted in the discussions of Sections 4.2-4.4 that flow efficiency increased 
with decreasing Fp * and increasing 8 and ReLp. Likewise, the observations discussed in 
section 5.2 revealed that NULp increased with decreasing Fp * and increasing 8 and ReLp. 
It follows that the flow efficiency and heat transfer of the fin were directly proportional. 
Using a form suggested by boundary-layer theory, a relation was constructed that predicts 
NULp as a function of flow efficiency. 
[5.1] 
In Equation [5.1], 11 is a function of Fp·, 8, and ReLp predicted by Equation [4.5]. 
Equation [4.5] was extremely successful in predicting the flow efficiency for CI-C5, and 
this success made it a useful tool for predicting the heat transfer performance. The form 
of Equation [5.1] was selected because the louver-directed flow through the array is 
similar to flow over a series of flat plates. Equation [5.1] is plotted with experimental 
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data in Figures 5.5 and 5.6. The RMS error in the model predictions was ± 7.9%. This 
error is small when considering the scatter and associated uncertainty in the data. 
Figure 5.5 shows Equation [5.1] plotted for Cl-C3. The louver angles of Cl, C2 
and C3 were 20°, 24.5°, and 30°, respectively. The correlation predicts an increase in heat 
transfer with increasing louver angle and supports the findings discussed in section 5.2. 
The fin-averaged Nusselt number for each case is primarily a function of Reynolds 
number. This behavior results from the fact that the flow nearly reaches maximum flow 
efficiency by ReLp=150. 
The prediction of Cl, C4, and C5 is shown in Figure 5.6. Equation [5.1] predicts 
increasing heat transfer performance with decreasing F p *. This trend supports the 
findings discussed in section 5.2. The Nusselt-number predictions of Equation [5.1] are 
compared to the experimental data ofCl-C5 in Figure 5.7. 
5.4 Correlation Comparison 
The generality of Equation [5.1] can be evaluated by comparison to data or 
correlations from other research. However, there are few published correlations or heat 
transfer data from scaled testing of louvered fins. Similar geometry have been studied 
numerically, but the researchers did not provide a correlation for their results - most 
likely because they evaluated only a few geometry or operating points. An experimental 
correlation of heat transfer from scaled testing of louvered fins was provided by Aoki et 
al. (1989), but only one louver was heated in each experiment. This method would have 
avoided the effects of thermal wakes in the fin. The correlations that have appeared in the 
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literature result from full-scale testing. These results are fundamentally different because 
their geometry include the tube walls. 
In spite of the differences between the current study and the above methods, a 
comparison can be made. Equation [5.1] may be compared to a correlation provided by 
Aoki et al. (1989), and a correlation based on full-scale testing provided by Achaichia 
and Cowell (1988). Performing simple algebra on these equations for comparison to 
Equation [5.1] gives 
Achaichia and Cowell (1988): 
NUfull-scale = 1.181'/ Re~:2 Pr [5.2] 
Aoki et at. (1989): 
NUlouver = 0.87 cos-X (J Re~ PrY; [5.3] 
for 90<ReLp<850, 8=35°, 0.71<Fp*<1.25 
Equation [5.2] predicts the full-scale Nusselt number in a form similar to [5.1] 
from the current study. Figure 5.8a shows the predictions of [5.1] and [5.2] for data from 
C5, and Figure 5.8b includes a prediction of a similar full-scale geometry (8=25.5°, 
Fp *=1.18) tested by Achaichia and Cowell (1988). The heat transfer data for the similar 
geometry of Achaichia and Cowell were not reported in their paper; thus, a comparison is 
made to their correlation. In Figure 5.8b, it is shown that Equation [5.1] overpredicts the 
full-scale Nusselt number of the Achaichia-and-Cowell correlation by 7.0% at ReLp=100 
and by 12.5% at ReLp=590. Achaichia and Cowell report that their data are predicted 
within ±1O% using [5.2]. It is impossible to determine if [5.1] is more comprehensive 
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than the correlation constructed by Achaichia and Cowell. However, it is readily shown 
in Figure S.8a that Equation [S.l] predicts the CS data better than [S.2]. Furthermore, 
Figure S.8b shows that Equation [S.2] is predicted by [S.1] within the uncertainty of [S.2] 
at low ReLp and nearly within the uncertainty of [S.2] at the highest ReLp. 
Although uncertainty in the models may account for the discrepancy in predicted 
heat transfer, the difference in test specimens between this study and that of Achaichia 
and Cowell has some effect. In this study, heat transfer performance was evaluated for a 
louvered fin, whereas Achaichia and Cowell studied full-scale, louvered-fin heat 
exchangers. The presence of flat-tube walls in their full-scale testing would result in 
Nusselt numbers that are lower than the fin-averaged Nusselt numbers in this study. 
Equation [S.3] predicts the average Nusselt number for the intermediate louvers, 
i.e., without the inlet, turnaround, and exit louvers. Aoki et al. (1989) do not report the 
uncertainty for their correlation. It is expected that their correlation would overpredict the 
fin-averaged Nusselt number because the larger louvers (inlet, turnaround, and exit) 
reduce the fin-averaged heat transfer due to their lower Nusselt numbers and higher 
surface area compared to the straight louvers. Overprediction would also result since they 
heated only one intermediate louver at a time. This method ignored the effect of thermal 
wakes from upstream louvers that often leads to reductions in heat transfer. Figure S.9a 
compares the prediction of Aoki et al. (1989) and Equation [S.1] for C3. Figure S.9b 
compares predictions for a geometry similar to C3 from Aoki et al. (1989). Indeed, their 
model overpredicts the data ofC3 by 16.9% at ReLp=129 and by 3S.5% at ReLp=S90. It is 
obvious that [S.l] is more effective in predicting the heat transfer in louvered fins 
composed of inlet, turnaround, and exit louvers. 
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Figure 5.1 - Nusselt number distribution for Cl. Louvers 1,5, and 9 are the inlet, 
turnaround, and exit louvers respectively. A smooth curve fit is used for readability. 
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Figure 5.2 - Fin-averaged Nusselt number for C1 and C3 showing the effect of louver 
angle on heat transfer. Power-law fits are used for readability. 
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Figure 5.3 - Fin-averaged Nusselt number for Cl and C5 showing the effect of fin pitch 
on heat transfer. Power-law fits are used for readability. 
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Figure 5.4 - Fin-averaged Nusselt number for Cl and C6 showing the effect of louver 
pitch on heat transfer. Power-law fits are used for readability. 
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Case Data Eq. [5.1] Fin Geometry 
Cl • --- 6=20° FD*=0.881 C2 • - - - 6=24.5° FD*=0.881 C3 ... --------- 6=30° F,,*=0.881 
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Figure 5.5 - Equation [5.1] prediction of fin-averaged Nusselt number for C1-C3. NULp 
increases with increasing louver angle. 
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Figure 5.6 - Equation [5.1] prediction of fin-averaged Nusselt number for C1,C4 and C5. 
NULp increases with decreasing fin pitch. 
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Figure 5.7 - Equation [5.1] predictions (NULp) plotted versus measured Nusselt number 
data (Nu meas ) for Cl-C5. 
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Figure 5.8 - Prediction of NULp for C5 (a) and a similar full-scale geometry (b) from 
Achaichia and Cowell (1988) by Equation [5.1] and [5.2] from Achaichia and Cowell 
(1988). 
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(1989) by Equation [5.1] and [5.3] from Aoki et at. (1989). 
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CHAPTER 6 - CONCLUSIONS 
The flow and heat transfer behavior for ReLp <600 has been studied in six 
louvered-fin arrays differing by louver angle, fin pitch, and louver pitch. The effects of 
these parameters on flow behavior were observed through flow visualization. These 
experiments allowed for quantitative measurement of flow efficiency, and these data 
were used to construct a correlation for flow efficiency as a function of the varied fin 
parameters. Naphthalene sublimation experiments were performed to determine the 
effects of the various parameters on heat transfer. The heat transfer data were used in 
conjunction with the flow efficiency to construct a correlation for prediction of fin-
averaged Nusselt numbers. 
6.1 Louver Angle Effects 
The increase in louver angle from C 1 to C3 resulted in an increase in flow 
efficiency and heat transfer. The increase in louver angle effectively increased the size of 
the gap between louvers and lowered the flow pressure drop through the louvers relative 
to the flow pressure drop through the duct between fins. Thus, a greater percentage of the 
flow was directed by the louvers, leading to an increase in flow efficiency with increased 
louver angle. The increase in flow efficiency gave rise to an increase in heat transfer. 
6.2 Fin Pitch Effects 
The decrease in Fp * from C5 to C4 resulted in an increase in flow efficiency and 
heat transfer. The reduction in the distance between fins with decreasing fin pitch created 
a larger flow pressure drop in this direction relative to that between louvers. This effect 
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caused a larger percentage of the fluid to flow through the louvers. Thus, the flow 
efficiency, and therefore the heat transfer, increased with decreasing fin pitch. 
6.3 Louver Pitch Effects 
The change in louver pitch of C6 effected a completely different flow behavior 
from that observed for CI-CS. The increase in Fp* and t* due to the decrease in louver 
pitch resulted in much lower flow efficiency. The flow was characterized as duct-directed 
and showed a large reduction in heat transfer in comparison to the louver-directed flow of 
CI-CS. 
6.4 Flow and Heat Transfer Correlations 
Correlations of flow and heat transfer were constructed. The flow correlation 
predicts flow efficiency as a function of 8, Fp *, and ReLp. Heat transfer in the form of fin-
averaged Nusselt number can then be predicted with the flow efficiency information. The 
heat transfer correlation was compared to two correlations from the literature and showed 
an improvement over those correlations in prediction of heat transfer in louvered fins. 
6.5 Practical Significance 
The trends in heat transfer performance in louvered fins operating at Reynolds 
numbers below ReLp=600 have been identified. For increased heat transfer, these trends 
point toward designing a louvered fin with high louver angle and small fin pitch. In 
addition, a reduction in fin thickness may be necessary if the louver pitch is small. These 
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criteria suggest a design that maximizes flow efficiency. Flow efficiency dictates heat 
transfer in this laminar flow regime. 
For a particular heat-exchanger application, the best geometry can be selected 
only after a performance evaluation criterion is established. In some cases, both heat 
transfer and pressure drop are important. Several correlations are available in the 
literature that provide j/f for a variety of full-scale, louvered-fin geometry, e.g. Chang et 
al (1994), and Wang et al (1998c). In other cases, heat transfer alone may be a suitable 
criterion for heat exchanger performance evaluations. For these applications, Equation 
[5.1] is an effective tool for estimating heat transfer performance of louvered fins. 
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APPENDIX A - DATA REDUCTION EQUATIONS 
A.l Reynolds Number 
The dimensionless Reynolds number parameter in this study was defined by 
Equation [3.1] as 
ULp 
Re =-
Lp V [A. I] 
where U is the face velocity or the velocity just upstream of the array, Lp is the louver 
pitch, and v is the kinematic viscosity of the fluid. The kinematic viscosity of air was 
calculated from a correlation by Kays and London (1984) 
1.805.10-5 + 4.8 .10-8 (T - 290) 
Va = ---------'-----'- [A.2] 
Pa 
where T is the temperature in Kelvin, and Pa is the density of the air. 
The velocity in the wind tunnel was inferred using an orifice plate to measure 
mass flow rate by the equation 
[A.3] 
where D is the diameter of the pipe containing the orifice plate, C is the discharge 
coefficient and P is the diameter ratio of the orifice to the pipe. The discharge coefficient 
is related to the diameter ratio and the Reynolds number in the pipe based on the pipe 
diameter by 
C = 0.5959+0.032Ip2.1 _O.184p8 +0.039 p4 -0.01584p3 + 91.71p2.5 Re-o.75 [A.4] 
(I-P) 
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The velocity could then be calculated from 
[A.5] 
with Ac was the cross sectional area of the tunnel test section. 
A.2 Mass Averaged Nusselt Number 
The louver-by-Iouver Nusselt number was defined as 
( pr)O.4 Nu = ShLP Sc [A. 6] 
For naphthalene sublimation experiments the mass averaged Sherwood number 
was defined as 
[A. 7] 
where the mass transfer coefficient, hm, is calculated according to 
[A. 8] 
In this equation, L\M is equal to the change in mass of naphthalene over the exposure 
time, L\'t. The density of naphthalene in Equation [A.8] is found through the ideal gas law 
[A. 9] 
where T is the temperature of the naphthalene at the surface and is assumed to be the 
temperature of the air. This assumption is supported by the work of Mendes (1991) where 
it was shown that the temperature at the surface is less than O.02°C below the air 
temperature. This difference was neglected here because it was less than the uncertainty 
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in the temperature measurements. The equation for Pn comes from Ambrose et al. (1975) 
where they found the vapor pressure of naphthalene in Pa to be 
[A. 10] 
Es(x) in this equation is the Chebyshev polynomial in x of degree s, where x is 
defined by 
[A. I I] 
The constants in Equation [A.9] are ao= 301.625, aj= 791.494, a2= -8.254, a3= 0.4043, 
and T min = 230 K and Tmax = 344 K are used in Equation [A.II]. 
The mass diffusivity of naphthalene in air for Equation [A.7] was calculated using 
a correlation found by Cho et al. (1992). The diffusivity is a function of the standard 
atmospheric pressure, p", and the corrected barometric pressure, ~orr' by 
Dna = 8.177708 .1O-lITL983(~) 
Pcorr [A. 12] 
where 
~orr = P + ~c! + Pgc! [A.l3] 
p = p[ 1-1.84 ·IO-seT - 273.15) -1] 
te! 1+1.818.10-\T-273.15) [A.14] 
[A.15] 
68 
A.3 Selection of Reference Density 
The reference density of naphthalene, Pn,oo' in Equation [A8] was selected based 
on the nature of the flow in the array. In the louver-directed flow of C I-C5, the incoming 
stream of air at a louver was essentially free of naphthalene. The fluid approaching a 
downstream louver was only affected by a louver far upstream (Figure AI). Before the 
sublimed mass reached the downstream louver, it had diffused enough that it caused a 
maximum deviation of 1.5% in (Pn,v - Pn,oo)' This calculation was based on the density of 
the naphthalene mass convected by the upstream louver into the volume along the flow 
path. This volume is shown in Figure AI. 
In the duct-directed flow of C6, the freestream concentration of naphthalene 
approaching a louver was not necessarily equal to zero. Figure A2 shows the 
naphthalene volume of diffusion for a particular streamline. In this case, the volume 
accumulates naphthalene from several louvers before the flow reaches a downstream 
louver. It is difficult to calculate the exact concentration of naphthalene approaching the 
downstream louver. However, from examination of Figures Al and A2, it may be 
concluded that the influence of upstream louvers is more significant for duct-directed 
flow than louver-directed flow. 
For CI-C5, the freestream concentration of naphthalene was assumed to be zero 
for calculation of mixed-mean Nusselt numbers. This assumption was made with high 
confidence after consideration of the concepts mentioned above for louver-directed flow. 
The appropriate selection of Pn,oo for C6 was more difficult because of the duct-directed 
flow behavior. In order to determine the extent of error associated with the selection of 
Pn,oo, two experimental methods were compared. The first method followed the same 
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procedure used for CI-C5 as described in Chapter 3. The second method also followed 
the procedure described in Chapter 3 with the exception that three neighboring fins were 
cast with naphthalene instead of one (Figure A.3). This method simulated thermally 
periodic conditions in the spanwise direction for the center test fin. The mass-transfer 
data were then reduced for the center fin with the freestream concentration set equal to 
zero. The subsequent louver-by-Iouver Nusselt number distribution for this method is 
plotted with that from a single cast fin in Figure A.4 for C6. The difference in the two 
plots is small. The data at louver 8 are the only points far outside the calculated 
uncertainty. The difference in these data may be due to accumulation of naphthalene in 
the three-fin method. Because the center fin is bounded by cast fins in this method, 
naphthalene from upstream louvers cannot diffuse into the freestream as easily as in the 
single-fin tests. Thus, the higher concentration of naphthalene approaching louver 8 in the 
three-fin test results in a lower Nusselt number than in the single-fin test. Overall, the two 
methods share the same distribution suggesting that the assumption of P n,oo = 0 is 
acceptable for all data reduction. 
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Figure A.I - Volume of diffusion for naphthalene in the louver-directed flow ofCI-CS. 
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Figure A.2 - Volume of diffusion for naphthalene in the duct-directed flow of C6. 
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Figure A.3 - Schematic of test section showing placement of three naphthalene-coated 
fins. 
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Figure AA - Louver-by-Iouver Nusselt number distribution for mass transfer experiments 
containing one and three test fins. A smooth curve fit is used for readability. 
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APPENDIX B - UNCERTAINTY ANALYSIS 
B.t Uncertainty in Experimental Data 
The uncertainty in experimental data resulted from uncertainty III laboratory 
measurements, thermophysical properties, and test section setup. Measurements in the 
water-tunnel laboratory were made of water temperature and flow rate. Measurements in 
the wind-tunnel laboratory were made of test-section air temperature, relative humidity, 
barometric pressure, louver mass changes, exposure time, and pressure drop across the 
orifice plate. 
Water temperature uncertainty was ±O.5°C, and the average uncertainty in water 
flow rate measurements was ±14.25 cm3/s. The temperature measurement of the air in the 
wind-tunnel test section was made using a platinum RTD. An error analysis based on bias 
and precision error led to a combined uncertainty of ±O.06°C. A conservative estimate of 
±O.l°C was used for propagation calculations. The uncertainty of the precision mass 
balance was ±5xIO-o5 g, and the accuracy of the relative humidity measurement was ±2%. 
Barometric pressure was read to within ±O.05 mmHg, and the uncertainty in pressure 
drop was ±.0.25 Pa. 
B.2 Propagation of Uncertainty 
The primary parameters (Nu, Re) used to interpret the experimental results in this 
study are functions of many variables. Dimensionless parameters including Reynolds 
number and Nusselt number are functions of laboratory measurement data and physical 
properties. Error associated with each of these measured quantities must be accounted for 
to properly quantify the uncertainty. A detailed error propagation study follows. 
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Data-reduction error propagation can be evaluated using the method of Kline and 
McClintock (1953). The partial derivatives of each variable are evaluated to weight the 
total uncertainty by the uncertainty in each variable. 
The uncertainty in Reynolds number is given by 
[B.l] 
where the uncertainty in velocity, U c ' is given by the following formula: 
[B.2] 
The air mass flow rate uncertainty was found from 
w [( om) 2 ( om) 2 ( om) 2 ( om) 2 ( om) 2 ( om) 2]Yz 
,;; = WD 8D + We cc + w" 88 + ~ 8/3 + WM' 8M + w;, 8p [B.3] 
The uncertainties for several variables in Equation B.3 are given by the ASME standard 
(1990). The uncertainty in the discharge coefficient, C, is a function of Reynolds number 
and the geometry of the orifice plate. The uncertainty in C ranged from 0.6% to 2.5% for 
the Reynolds number range in this study. The uncertainty in /3 was approximately 1.4%, 
and the uncertainty in D was 0.7%. The uncertainty in pressure drop, ~P, was 11.1% at 
the lowest Reynolds number and 3.3% at the highest Reynolds number. The density had 
an uncertainty of 0.5% while the viscosity correlation has an associated uncertainty of 
1.2%. Finally, after the uncertainties were computed using the above equations, the 
uncertainty for lowest to highest ReLp for the wind tunnel ranged from 14% to 2.5%, 
respectively. The average uncertainty in the water-tunnel Reynolds number was ±12.5%. 
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Sherwood number uncertainty was calculated from the following: 
[B.4] 
The average uncertainty in the measurement of mass change, L1m, was ±2.5% using the 
precision balance. The uncertainty in the time measurement, L1t, was taken as 1 s. 
Approximately ±3% uncertainty was published for values of naphthalene vapor pressure 
and mass diffusivity. Temperature measurement uncertainties in these properties were 
much smaller than those from the correlation and were therefore neglected. The resulting 
calculated uncertainty in Sherwood number based on measured quantities was ±5.5%, 
resulting in a Nusselt number uncertainty of±5.5%. 
It was observed through several repeated runs that uncertainties in experimental 
setup led to significant scatter in louver-by-Iouver Sherwood data. These uncertainties 
included louver preparation and test-fin alignment in the test section. The associated 
uncertainty in Sh due to experimental setup was observed to be approximately ±7.5%. 
Calculation of the total uncertainty in Sherwood number by 
W Sh = [( WSh_meas J2 + ( WSh_setup J2]X 
Sh Sh _ meas Sh _ setup 
[B.5] 
gave a value of ±9%. Thus, the overall uncertainty in Nusselt number was ±9%. 
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APPENDIX C - FIN HEIGHT EFFECTS 
The effects of fin height on air-side heat transfer have not been explored in the 
literature. This fin parameter is important to louvered-fin design because it affects the 
amount of material used in the heat exchanger and influences the fin efficiency. The 
schematic of Figure C.l shows the fin height dimension of a louvered fin. To quantify the 
effects of fin height, naphthalene sublimation experiments were performed on C 1 at two 
fin heights. The original data for Cl were taken at a fin height of 7.2 mm. Additional 
data were taken at a fin height of 2.54 mm. Thus, a 65% reduction was imposed. The data 
from the two fin heights are shown in Figure C.2. 
The large reduction in fin height in the two cases led to only small differences in 
heat transfer. The results deviated by less than or slightly beyond the uncertainty in 
Nusselt number (±9%). Thus, it was concluded that the fin height variations did not affect 
convective heat transfer performance. This information is useful to designers in that they 
can size the fin height in response only to fin efficiency and pressure drop criteria. Heat 
transfer considerations are removed from the optimization of fin height. 
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Figure C.l - Schematic of a louvered fin showing the fin height, Fh. 
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Figure C.2 - Nusselt number distribution for Cl at fin heights of2.54 mm and 7.2 mm. 
The distribution of Re250E - 7.2 mm is interpolated between higher and lower Reynolds 
number experiments ofCl due to poor data at Re250 - 7.2 mm. 
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APPENDIX D - COMPARISON TO NUMERICAL 
COMPUTATIONS 
The louvered-fin speCImens III this study were evaluated experimentally to 
determine the trends in flow behavior and heat transfer due to changes in louver angle, fin 
pitch, and louver pitch. Numerical computations were also performed on the six cases by 
researchers Danesh Tafti, Wanlai Lin, and Zhang Xiaogang of the National Center for 
Supercomputing Applications (NCSA) at the University of Illinois. The numerical code 
was capable of predicting unsteady flow and accounted for the fin thickness. The 
experimental and numerical results will be compared. 
D.I Flow Behavior 
Experimental flow visualization images are shown along with numerical 
streamline predictions in Figures D.1 and D.2. In each figure, the numerical results 
predict similar streamline behavior to that observed through flow visualization. In Figure 
D.1, louver-directed flow is indicated by both results for C1 at ReLp near 160. The duct-
directed flow situation of C6 is shown in Figure D.2. 
The trends in flow behavior associated with changing fin parameters were 
observed through flow visualization. The same trends were identified from the results of 
numerical computations. Increasing louver angle and decreasing fin pitch led to increased 
flow efficiency. Further agreement was found in that flow efficiency increased with 
Reynolds number in both the experiments and numerical computations. 
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D.2 Heat Transfer 
Louver-by-Iouver Nusselt number computations were performed for CI-C6. For 
comparison, Figure D.3 shows the distributions from the experimental and numerical 
results for C I. In C I, the general trend in heat transfer throughout the fin is the same. 
Nusselt numbers are highest at louvers 2-3-4 and 6-7-8 due to their smaller average 
boundary layer thickness. A small disagreement in the effects of upstream louvers is 
indicated. The experimental results show higher mixed-mean Nusselt numbers in the 
upstream half of the array compared with the downstream half. The numerical results do 
not show this behavior. In spite of the agreement in trends throughout the fin, significant 
discrepancy in magnitude occurs. In Figure D.3, the numerical and experimental results 
appear to be similar in magnitude, however, the Reynolds numbers are not the same. The 
numerical computations spanned 50<ReLp<250, whereas the experiments ranged from 
125< ReLp<600. Thus, if equivalent Reynolds number ranges were compared, the 
numerical computations would predict higher heat transfer than observed in the 
experiments. Similar comparisons can be made for C2-C5. 
A separate comparison is made for C6 because its significant difference in flow 
behavior from that of CI-C5. Experimental and numerical louver-by-Iouver Nusselt 
number distributions for C6 are shown in Figure D.4. The experimental data and 
numerical results in Figure D.4 were reduced using the inlet reference temperature for 
comparison. The Nusselt number distributions in the upstream half of the array are in 
good agreement, but some discrepancy exists in the downstream half with differences in 
Nusselt number as high as 100% at ReLp~200. Nevertheless, the shapes of the Nusselt 
number distributions are similar. Higher Nusselt numbers are present in the upstream half 
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of the array. Significant recovery zones exist behind the turnaround louver at higher 
Reynolds numbers, and the fin appears to be thermally saturated by the turnaround louver 
at the low Reynolds number. This observation reveals the insignificance of the 
downstream louvers at low Reynolds numbers for this case. 
Figure D.5 shows the trends in heat transfer brought about by changes in fin 
parameters. The numerical computations and experimental data in these plots are 
normalized by their respective results for C 1. The two plots indicate similar trends in heat 
transfer performance with changing fin parameters. The plots differ in that the slopes of 
the individual curves are dissimilar. However, this difference is due to the different 
Reynolds number ranges covered by the two methods. The numerical results cover ReLp 
from 50 to 250 where the flow efficiency shows the most dependence on ReLp and 
geometry (Figure 4.5), i.e. the slope and magnitude of flow efficiency is changing 
between geometry. The experimental data cover ReLp from approximately 125 to 600. In 
this operating range, the flow efficiency has reached its maximum value. The ratio of this 
value to the maximum flow efficiency of C1 is constant for all of the geometry. Thus, 
Equation [5.1] predicts a constant ratio of heat transfer with changing ReLp between C 1 
and the remaining geometry. This behavior is shown in Figure D.5a. The same behavior 
is evident in the higher Reynolds number range of Figure D.5b. Despite the disagreement 
in slope at low Reynolds numbers, both results point toward small fin pitch and high 
louver angle for increased heat transfer. 
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(a) 
(b) 
Figure D.1- Streamlines for C1 (a) Numerical, ReLp=150 (b) Experimental, ReLp=170. 
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Figure D.2 - Streamlines for C6 at ReLp=50 (a) Numerical, (b),(c) Experimental 
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Figure D.4 - Numerical and Experimentallouver-by-Iouver Nusselt number distributions 
for C6. 
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Figure D.5 - Mixed-mean Nusselt number results normalized by Cl. (a) Equation [5.1] 
(b) Numerical. C6 data are plotted in (a) due to the limitation of [5.1] 
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APPENDIX E - IMPROVED FIN DESIGN 
In Appendix D, a comparison was made between the experimental data from this 
study and numerical results for C1-CS. The trends in the numerical predictions were 
validated by the experiments. Thus, the numerical results were used to suggest an 
improved fin design based on a Q 1 P (rate of heat transfer to pumping power)criterion. 
The resulting fin design was similar to CS except that the dimensionless fin pitch, Fp *, 
was increased from 1.0S8 to 1.4. Flow visualization and naphthalene sublimation 
experiments were performed on the new design. 
Figure E.1 presents the flow efficiency results for the new design, C7, along with 
the data from C 1-CS. The flow efficiency of C7 was the lowest at all Reynolds numbers. 
This behavior is a result of the significant increase in Fp * over that of the remaining 
geometry. The predicted flow efficiency for C7, according to Equation [4.S], is shown in 
Figure E.2. The correlation overpredicted the flow efficiency of C7, especially at lower 
Reynolds numbers where the error in 11 was 33% at ReLp=SO. The limitation of Equation 
[4.S] is evident in its prediction of flow efficiency for C7. The geometry of C7 represents 
a deviation of at least 40% in Fp * from the prior cases, and the shape of the transition 
region of flow efficiency is different. Thus, a second correlation was constructed for flow 
efficiency. Similar to Equation [4.S], the second correlation followed the form of 
Churchill and Usagi (1972). The modified flow efficiency correlation was of the 
following form: 
1_ .-1.16 [(0.808 - 0.30S4(Fp *) + 0.8667(8 190)JI;'J1I1;' 
TJ - 0.112Fp Re LP 1 + .-116 
, 0.112Fp , Re LP 
[E.1a] 
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where (' was given by 
(' = _9.03F;-49078 [E.1 b] 
Figure E.3 shows the predictions of Equation [E.1] for all of the flow efficiency data. The 
correlation predicts 94% of the data within ±8.S%. Equation [E.l] differs from Equation 
[4.S] in that the solution for T]Re---+O is a function of Fp* in Equation [E.l]. This 
modification was made to account for the difference in initial slope of flow efficiency 
between the six fin cases. From examination of the data, it was evident that the slope was 
a function of Fp *. 
The louver-by-louver Nusselt number distribution for C7 is shown in Figure E.4. 
Comparison of these data to those of CS indicates similar heat transfer behavior 
throughout the fin in shape and magnitude. This behavior results in spite of the 40% 
increase in Fp * of C7 over that of CS. The fin-averaged Nusselt numbers for C7 and CS 
are shown in Table E.1 along with predictions by Equation [S.l] of these data. Equation 
[S.l] underpredicts the Nusselt data of C7 despite the good prediction of flow efficiency 
for C7 at ReLp=247 and probable overprediction at ReLp=128 by Equation [E.l]. The 
underprediction of NULp is a consequence of the large decrease in flow efficiency and 
small reduction in heat transfer data of C7 compared to CS. This behavior may suggest a 
different flowlheat-transfer relationship in louvered fins with low flow efficiency 
(0.4<T]<0.6) than that for fins with higher flow efficiency (T]> 0.7). 
It has been speculated that the larger fin pitch associated with low T] allows more 
"fresh" fluid to flow into the interlouver gaps of the fin. Fresh fluid is fluid that has a 
temperature equal to the fluid temperature far upstream of the fin array. More fresh fluid 
in the array would provide a larger temperature difference between the metal louvers and 
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the fluid. Thus, the heat transfer dependence on flow efficiency may be different at low 
flow efficiency (0.4<11<0.6) than the dependence at higher values of 11. This trend does 
not continue into the extremely low flow efficiency range where the heat transfer 
performance of C6 (duct-directed flow) was poor. 
Pressure-drop measurements were not performed in this study. However, one may 
expect a decrease in pressure drop with increasing fin pitch. An increase in fin pitch 
results in a larger duct between fins. Pressure drop in a duct decreases with increasing 
duct diameter. Therefore, it is expected that the pressure drop would decrease from C5 to 
C7 due to the increase in Fp *. It was shown in Table E.l, that the difference in fin-
averaged Nusselt numbers between C5 and C7 was small. Thus, with Q / j> as a 
performance evaluation criterion, C7 would represent an improved fin design. The 
numerical predictions support this result. 
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Figure E.l - Flow efficiency data for C l-C5 and C7. 
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Figure E.4 - Louver-by-Iouver Nusselt number distribution for C7. 
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Table E.1 - Measured and Predicted Nusselt numbers for C5 and C7. 
Geometry ReLp NULp - Data NULp - Equation [5.1]1 
C5 128 6.062 5.830 
C5 245 6.795 8.126 
C7 128 5.737 4.375 
C7 247 7.204 6.396 
IFlow efficiency predicted by Equation [E.l] 
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APPENDIX F - EXPERIMENTAL MASS TRANSFER DATA 
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20 ,---~---.----~--~----~--~---.--~ 
16 
14 
12 
Nu 10 
8 
6 
4 
2 
-6--
- - -+ - --
"-
~ -_____ .- - .- -_... , 
o L-__ _L __ ~ ____ ~ __ -L ____ L_ __ _L __ ~ __ ~ 
2 3 4 
20 
18 
16 
14 
12 
Nu 10 
8 
6 
4 
2 
0 
3 5 7 
5 
Louver 
6 
~~ 
9 
Louver 
11 
--tS 
-+ -
7 8 9 
13 15 17 
----Re 128 
--- Re245 
-. - Re 314 
--x--Re454 
- - +- - Re498 
- fr-- Re 590 
----Re50 
--- Re 112 
-. - Re 150 
- -x - - Re 215 
- - + - - Re 299 
fr-- Re 481 
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Table F.l - Louver-by-Iouver Nusselt number data for Cl: 8=20°, Fp*=0.881. 
Louver Re128 Re250 Re331 Re456 Re507 Re607 
1 6.96 7.73 10.25 11.95 13.63 13.31 
2 9.75 10.72 13.62 15.02 18.02 18.70 
3 9.99 10.62 13.87 15.90 17.40 18.56 
4 9.30 9.97 13.31 14.84 16.83 17.78 
5 6.23 5.01 8.75 9.14 11.26 10.87 
6 6.36 7.11 11.40 12.58 15.27 15.29 
7 6.76 7.61 11.12 13.27 13.66 15.20 
8 7.32 8.59 11.90 13.96 15.88 16.86 
9 5.26 6.51 8.41 10.15 11.29 11.40 
Table F.2 - Louver-by-Iouver Nusselt number data for C2: 8=24.5°, Fp *=0.881. 
Louver Re129 Re251 Re313 Re457 Re497 Re590 
1 4.15 8.07 11.48 12.00 13.20 13.50 
2 5.13 11.25 14.47 16.11 17.22 18.57 
3 5.05 11.09 14.26 16.04 16.85 18.34 
4 5.10 10.93 13.82 15.04 16.85 17.46 
5 4.71 6.57 9.73 9.85 11.07 11.11 
6 4.64 9.43 12.04 13.90 13.82 15.60 
7 4.10 8.83 11.66 12.90 14.14 15.51 
8 4.13 9.73 12.18 14.61 14.79 16.25 
9 3.89 6.60 8.64 9.83 11.68 11.36 
Table F.3 - Louver-by-Iouver Nusselt number data for C3: 8=30°, Fp *=0.881. 
Louver Re129 Re222 Re313 Re406 Re497 Re590 
1 7.44 8.26 10.19 11.87 11.84 12.70 
2 9.97 11.91 13.40 15.63 17.09 18.25 
3 10.13 11.91 13.77 15.68 17.32 19.04 
4 9.61 11.30 13.10 14.22 15.62 17.59 
5 6.84 6.79 9.71 10.50 9.34 10.68 
6 7.85 9.62 10.76 12.60 14.10 15.16 
7 8.69 10.39 12.70 14.07 16.07 17.88 
8 8.36 10.42 12.33 14.07 15.43 16.31 
9 6.64 6.73 9.90 10.09 11.29 14.34 
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Table F.4 - Louver-by-louver Nusselt number data for C4: 8=20°, Fp *=0.794. 
Louver Re128 Re220 Re312 Re406 Re488 Re589 
1 6.27 8.08 9.09 10.64 11.08 12.30 
2 8.68 11.03 12.09 14.55 13.61 16.29 
3 8.86 11.26 12.18 14.73 14.96 16.53 
4 8.58 11.75 12.20 14.87 14.34 16.15 
5 5.28 6.71 7.93 9.33 10.01 10.44 
6 6.46 9.02 10.94 12.77 12.66 15.21 
7 6.41 9.01 10.06 12.23 13.38 14.23 
8 6.17 8.76 10.55 13.37 12.98 15.84 
9 4.96 6.60 7.77 9.55 9.01 10.75 
Table F.5 - Louver-by-louver Nusselt number data for C5: 8=20°, Fp *=1.058. 
Louver Re128 Re245 Re314 Re454 Re498 Re590 
1 6.32 6.63 9.84 9.72 11.61 13.25 
2 7.40 6.98 11.60 12.17 15.45 16.81 
3 8.15 8.66 13.18 13.25 16.14 17.54 
4 8.77 9.73 13.99 14.38 17.21 18.58 
5 5.46 6.03 8.76 8.36 10.16 11.25 
6 4.58 7.04 11.17 11.61 13.65 15.45 
7 5.79 6.63 10.84 11.87 14.09 15.41 
8 5.84 6.96 11.41 10.90 14.43 15.68 
9 4.48 5.29 8.29 8.24 10.81 11.85 
Table F.6 - Louver-by-louver Nusselt number data for C6: 8=20°, Fp *=1.41. 
Louver Re112 Re150 Re215 Re298 Re482 
1 3.84 4.40 5.33 5.68 7.71 
2 2.97 3.92 4.61 6.15 8.67 
3 3.02 4.44 5.82 6.52 8.81 
4 3.49 4.80 6.04 7.49 9.85 
5 3.90 4.54 5.93 7.49 9.63 
6 3.34 5.35 6.48 7.76 9.69 
7 4.16 4.65 6.48 7.80 9.99 
8 3.79 5.44 6.85 7.53 10.10 
9 3.32 4.45 5.14 6.28 7.93 
10 1.53 2.75 4.00 5.56 7.93 
11 1.42 2.72 4.51 5.28 7.41 
12 1.69 2.82 4.29 5.92 7.72 
13 1.51 2.67 4.66 6.63 8.58 
14 1.94 3.15 4.72 6.49 9.40 
15 2.15 3.26 4.90 6.52 9.35 
16 2.44 3.60 5.18 6.85 9.19 
17 2.23 3.09 4.30 5.11 6.73 
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Table F.7 - Louver-by-louver Nusselt number data for C7: 8=20°, Fp*=1.4. 
Louver Re125 Re247 
1 6.07 7.29 
2 6.45 8.53 
3 7.55 9.32 
4 7.94 10.01 
5 5.21 6.27 
6 4.87 5.36 
7 5.29 7.21 
8 5.57 7.73 
9 4.45 5.86 
Table F.8 - Fin-averaged Nusselt number data for CI-C7. 
Cl Cl C2 C2 C3 C3 C4 C4 C5 C5 C6 C6 C7 C7 
Re - Re - Re - Re - Re - Re - Re -Nu Nu Nu Nu Nu Nu Nu 
128 7.162 129 4.49 129 7.98 128 6.456 128 6.06 112 2.93 128 2.93 
250 7.598 251 8.54 222 8.98 220 8.541 245 6.79 150 4.07 247 4.07 
331 10.74 313 11.43 313 11.23 312 9.713 314 10.42 215 5.43 - -
456 12.16 457 12.52 406 12.5 406 11.68 454 10.46 299 6.68 - -
507 13.97 497 13.65 497 13.16 488 11.77 498 12.87 482 8.91 - -
607 14.28 590 14.3 590 14.73 589 13.29 590 14.18 - - - -
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